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Abstract— Network dimensioning is typically based on a traffic limit the amount of premium traffic that can be carried over th
matrix that contains the bandwidth demand for each source- gccess links, and implement an appropriate dimensionidg an
destination pair. We consider a different approach, which as- provisioning scheme for ensuring the guarantees for premiu
sumes that only the maximum amount of premium traffic that . . . .
can be carried across each access link is known. Based on thistraff'(?’ such an approac_h also av0|d_s premium IP traffic from
information, we present three algorithms for determining the —Starving best-effort traffic. The maximum percentage otheac
bandwidth required for premium traffic in the core network. access link that can be used for premium traffic can depend
The first algorithm intermediately estimates the traffic matrix  on the pro\/ider’s service po||Cy Hence, in the case of a non-
based on the “gravity model”. The other two algorithms compute profit NREN (National Research and Educational Network)
the worst-case requirements for premium traffic when there are . ’
no link failures and fixed routing is used (second algorithm), &5 'S the case of t_he Gre_ek Research and Technology NenNork
and when there are link failures and alternative routing paths (GRNET), subscribers with the same access link capacity can
are available (third algorithm). An important feature of the be allowed to use up to the same maximum percentage of
two worst-case algorithms is that they allow admission control the access link’s capacity for carrying premium traffic, ¢teen
decisions to be based solely on the availability of bandwidth ensuring fairness in using the premium IP service. On the

for premium traffic at the access links. We apply and compare ther hand id lli twork .
the three algorithms for the Greek Research and Technology other hand, a provider Selling Network access Services can

Network (GRNET), which currently uses the third algorithm for  Offer different pricing options that correspond to a diéfet
its premium IP service. percentage of premium IP traffic that can be sent across the

access link.

) ) o In this paper we present and investigate three dimensioning
Quality of Service (QoS) has become a reality in most gfigorithms that estimate the required premium IP bandwiidth
today's packet switched networks. QoS defines the mechge core network, taking as input the maximum percentage of

nisms used to provide bandwidth and delay/jit'fe_r guarantegach access link’s capacity that can carry premium traffie T
to the subscribers of a multi-service communication nekworfirst algorithm intermediately estimates the traffic mabased
whlc_h can S|multaneous_ly accommodate dlfferen_t typgs 8h the so-called “gravity model” [2], [3]. The other two algo
traffic flows, such as voice-over-IP (VoIP), streaming videgithms compute the worst-case bandwidth requirements when
and legacy best-effort Internet traffic (file transfer, eimaad  there are no link failures and fixed routing is applied (secon
web traffic). The DiffServ model [1] is the most commomygorithm), and when there are link failures and altermativ
approach for QoS provision. DiffServ introduces the notiogyyting paths are available (third algorithm). An impottan
of Per-Hop-Behavior (PHB) where each aggregate traffic floyyantage of the latter two algorithms is that admissiorrobn
is mapped to a traffic class, whose packets are treated gquafbcisions can be based solely on the availability of banthwid
Each traffic class can represent a different service offeged ¢o, premium traffic at the access links. This greatly simeifi
thg qetwork provider. PHBs are implemented at routers usifgb core network, which only requires to give higher priprit
priority queuing and scheduling mechanisms. to premium traffic, through the provision of appropriate PHB
Providing guarantees in large-scale DiffServ networks c@fechanisms. Additionally, the three algorithms are indepe
be a complex task mainly due to the heterogeneity of th@nt of the particular routing algorithm implemented in the
participating subscriber and provider networks, whos@c#p  core network: the first and second algorithm assumes that the
can range from several Gbps to under one Mbps, as in tgyting paths are known, whereas the third algorithm cossput
case of low-speed DSL links. This capacity mismatch cafe worst-case bandwidth requirements when alternaténgput
result in congestion at the network core and, more I|ker,. Bhths can bypass failed links. The third algorithm is cuiyen
the network edge. One approach to address this problem is,te.q for GRNET’s premium IP service [4], where requests for
This work has been supported in part by the Greek Researcfieutthol- premium connections are made through a web-based tool that
ogy Network (GRNET). takes admission control decisions based solely on the sicces
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link capacities, their maximum percentage that can be used

for premium traffic, and the active premium IP connections.
The remainder of this paper is organized as follows. Sec-

tion Il identifies related work in the field of network di-

mensioning and capacity planning. Section lll provides the . e/ «, % «,

network definitions and the provisioning mechanisms used,

while Section IV presents the three dimensioning algorghm

we investigate. Section V presents the results from thei-appl

cation of the algorithms to the GRNEThetwork and, finally, CILK O k05

Section VI concludes the paper.

II. RELATED WORK Fig. 1. A provider's edge router is connected td<,. subscriber networks.
] ) The k'th subscriber network connected to routehas capacity:,. 5. A max-
Several methods have been proposed in the literature f@tm percentage;’, ,a, of this access link capacity can carry premium

estimating the traffic demand over a network’s backbone i traffic in the ingress, egress direction, respectively.

order to efficiently dimension network capacity. The traffi " Definitions

demand is typically expressed using a two-dimension traffic _ )

matrix that quantifies the demand between all source and-8t G = (R,L) be a directed graph representing the

destination pairs in the network: e.g. see [3], [5] and tH&etwork topology, wherg? is the set of routers and is the

references therein. The computation requires measureméfit Of links in the network interconnecting the routersfin

of the actual traffic, e.g. at the ingress and egress inesfac! '€ capacity of linkl is C;. .

Rather than considering the point-to-point demand, thekwor EVery routerr ¢ R of the provider network has a number

of [6] considers the traffic demand originating from an iregre K, of _subscnber n_etworks connected to it, Figure 1. Each

router to a set of egress routers: such a model is appro;ﬁmiateSUbSC”ber network is. conn_ected to the provider's edgeerout

transit domains, where a destination is reachable fromipheilt through an access link with capacity., wherer < R

egress routers. The above approaches cannot be applie@@!1 < * < K,. A maximum percentage of this access

premium IP services, which have not been offered befofl1K capacity can be used to carry premium traffic. Let this

hence for which no usage data is available. percentage be:fk in the ingress direction (from the subscriber
One approach for network dimensioning of premium o the provider) and:, , in the egress direction (from the

services involves the formulation of an optimization peshl Provider to the subscriber).

involving link costs. However, consideration of delay andd ~ For each edge router we definel(r) as the maximum

constraints lead to an NP-complete problem, whose soluti@gigregate rate of premium traffic that can be inserted to the

requires various heuristic assumptions [7]. Optimizatiin provider’'s network through routerfrom all its subscriber net-

jectives involving link costs can also be considered wheMorks, andO(r) as the maximum aggregate rate of premium

premium IP traffic co-exists with best-effort traffic [8],][0  traffic that can be ejected from the provider’s network tigtou
Unlike the above works, the dimensioning approach we coffuterr to all its subscriber networks. Hence,

sider does not require knowledge of a traffic matrix between K, K,

source-destination pairs, but only the maximum percentage I(r) = Za:k e, O(r)= Za;k k. (1)

of the access link capacity that can be used for premium IP k=1 k=1

traffic; moreover, the second and third algorithm we preseftine network does not contain any servers that only produce

find the worst-case bandwidth requirements, independent Rf ~5nsume premium IP traffic, we will have', = a_,,
the underlying routing algorithm. On the other hand, theksor hencel(r) = O(r), ¥r € R. Note, however tﬁgt the Téligo-

of [7], [8], [9] consider the capacity dimensioning problém ii,ms presented in Section IV do not require this assumptio
conjunction with routing. Such joint consideration wouddhd

to more optimal dimensioning; however, in current network8. Provisioning mechanisms

that typically over-dimension some of the core networkdink |n order to satisfy the requirements for premium IP services
carrying both best-effort and premium traffic, the added corgppropriate mechanisms have to be implemented both at the
plexity required to modify the routing algorithm is likelp t edge and the core of the network. These mechanisms include
outweigh the increased efficiency. admission control, policing, and queueing.
lIl. DEFINITIONS AND MECHANISMS The objective of admissjon control is to ensure thgt req;uest
. . : o . for premium IP connections are accepted only if there is
In .th.ls sect!on we prowdg the def|n|.t|.ons. used in t_hgvailable bandwidth. Note that admission control is agpblie
remaining sections, and describe the provisioning meshasi in addition to defining a maximum percentage of each access
used at the core and the e_dge of the network to meet ﬁﬁﬁ@ capacity that can be used for premium traffic. Hence,
guarantees for premium traffic. it is not enough to check that the access link of a subscriber
IThe Greek Research and Technology Network (GRNETJ€QUesting a premium connection has enough bandwidth to
http: //www. grnet . gr accept the request. With the application of the second and



third dimensioning algorithms, which estimate the wolates the gravity model assumption. In Section V where we apply
bandwidth requirements when there are no link failures atlte proposed algorithms to the GRNET network, the GTM
fixed routing is applied (second algorithm), and when thege aalgorithm will be used as a baseline comparison since it
link failures and alternative routing paths are availalthérd represents an accurate estimate of the bandwidth requitesme
algorithm), the admission control decision needs to involfor premium IP traffic, if the gravity model’'s proportiongfi
only the ingress and egress access links that the requestesumption used for estimating the traffic matrix is aceurat
premium IP connection will traverse. . - . . .
The second provisioning mechanism is policing, who%‘iiI\Sg:;ggsgx(e\gvgoai?ens'on'ng Algorithm with no Link
objective is to ensure that the traffic entering the network 9
conforms to the maximum amount of traffic allowed for the This worst-case (WC) dimensioning algorithm defines an
particular connection. Policing is applied solely at thgrass UpPper bound for the bandwidth required for premium traffic
router of the provider network, and is based on the source & all network links, when no link failures occur and fixed
destination subscriber network of the premium IP connactioouting is assumed. The algorithm’s input are variablesd
The third provisioning mechanism involves queueingg: defined in (1). The algorithm assumes the pats, d)
whose objective is to give higher priority to premium IP fiaf Detween each source-destination pair is static and known.
In a DiffServ network this is achieved through the Expedited The WC algorithm relies on the calculation of two variables:
Forwarding (EF) PHB mechanism. Recall that starvation dfz(!) denotes the aggregate traffic that can be injected from
best-effort traffic is avoided by limiting the amount of prieim all upstrgam routers to link (recall that links are directed),
IP traffic at the access links. and is given by

IV. NETWORK DIMENSIONING ALGORITHMS Bi(l) = Z I(s).

In this section we present three dimensioning algorithms s:3deRiEP(s,d)

whose input is the maximum amount of premium traffic thadimilarly, Bo(l) denotes the aggregate traffic that can be

can be carried across each access link. ejected to routers that are downstream of liniSo:
A. Gravity-based Traffic Matrix (GTM) Dimensioning Algo- Bo(l) = > O(d) .
rithm d:3s€R:l€P(s,d)

The Gravity-based Traffic Matrix (GTM) dimensioning al-The bandwidth allocations for every link is determined tighb
gorithm uses the maximum amount of premium traffic carrigtie following lemma.
across each access link to estimate a traffic matrix usingghe Lemma 1:The maximum bandwidth requirements for pre-
called “gravity” model. The gravity model originated in sgic mium IP traffic on linkl € L is given by the minimum of
science, but has been successfully applied in telephony Be(l) and Bo(1).
accurately model the telephone traffic exchanged between tw  Proof: Suppose thadl € L with B;(l) = a andBo(l) =
cities based on their number of area codes, and in IP netwobksand a > b. It is not possible for linkl to carry premium
to estimate the traffic matrix from network measurementg; etraffic with rate a, even though upstream routers can inject
see [2], [3], [5] and the references therein. According tis thsuch an amount traffic, because downstream routers can only
model the amount of premium traffie/ (s, d) originating from accept traffic with maximum rate < a. Hence, the maximum
routers and destined to routet is proportional to the amount amount of premium traffic that can flow through liikis b.
of premium traffic that can be accepted by roufehence Similarly, if a < b then the maximum premium traffic is

O(d) limited by the amount of traffic that can be injected in the
M(s,d) = 1I(s) - SR link by its upstream routers, which is
2> 0er O(2) The pseudocode for the worst-case (WC) dimensioning

If we define P(s,d) to be the path froms to d, then the algorithm is shown in Algorithm 2.
bandwidth requirement for premium IP traffig(l) at each
link I € L can be computed using the following Algorithm 1.C. Worst-Case Dimensioning Algorithm with Link Failures

Algorithm 1 Gravity-based Traffic Matrix (GTM) Algorithm (WC-LF)
for all s € & do Next we present a worst-case dimensioning algorithm that
for all d e R do ponsiders link failures and assumes alternate.routes elxist.
for all 1 € P(s,d) do is the case when the network contains loops, i.e. a set of link
B()+ = M(s,d) whose endpoints form a closed loop. _
end for Let T' be a spanning tree of the directed graph representing
end for the network topology;T’ contains a single path from any
end for source router to any destination router. The algorithm pre-

sented in the previous subsection can be used to calculate
Algorithm 1 adds to each link belonging to the path fronthe maximum bandwidth requirement3-(I) for each link
router s to d the amount of trafficM (s, d) estimated using [ belonging to the spanning tréE. The overall worst-case



Algorithm 2 Worst-Case (WC) Dimensioning Algorithm D. WC-LF+ Algorithm
for all s € R do
forall [ € L do
if 3d € R such that in P(s,d) then
Bi(l)+ = I(s)

Next we extend Algorithm 3 to the case of network
topologies that contain loops which share common links.
The approach followed by this algorithm extends the WC-
LF algorithm by marking more than one links in the original

end if graph as down, such that the remaining links create a single
end for path between the different router pairs.
end for We defineP*(s,d) = {P(s,d)} to be all the possible paths
for all d € R do from routers to d, and as befor&* = {l : | € v,v € V}
forall I € L do the set of all links belonging to loops. The pseudocode for
if s € R such that in P(s,d) then the WC-LF+ algorithm is shown below. At the end of the
Bo(h)+ = 0(d) algorithm, the maximum bandwidth requirement for lihks
end if given by B*(1).
end for - : — .
Algorithm 4 WC-LF+ Dimensioning Algorithm
end for
for all s € R do
for all [ € L do for all d € R do
B(l) = min{B(l), Bo(1)} for all p € P*(s,d) do
end for mark one link! from everyp’ € P*(s,d) — {p}
as down, s.tl € V* and! belongs to a single loop
bandwidth requirementB*(l) for link [ can be found by run WC' Algorithm 2
taking the maximum ofBr(l) over all spanning treed’; forall [ € L do
this considers all possible link failures and alternatetesu B*(l) = max{B(l), B*()}
The correctness of this approach for finding the worst-case end for
bandwidth requirements follows directly from Lemma 1. end for
Let V be the set of loops, anti* = {l : | € v,v € V} end for

the set of all links belonging to loops. Next we propose an €nd for
algorithm for calculating the worst-case bandwidth reewir 1 is worth noting that the two worst-case algorithms are

ments on all links. We will initially assume that the l00ps inyqyivalent to finding for each link the worst-case bandwidth

the network are disjoint, i.e. they do not share common linkgquirements over all cuts of the network graph that divide i
We consider this special case since many wide-area networks, two disjoint subgraphs, and the two end-points of link

such as GRNET, hav_e such a topology. Later we will presefta <ontained in different subgraphs [4].
a more general algorithm for the general case.

In the simple case of disjoint loops, all the different span- V- APPLICATION TO THE GREEK RESEARCH AND
ning trees can be found by sequentially marking each link in a TECHNOLOGY NETWORK (GRNET)
loop as down, and applying the worst-case Algorithm 2. TheIn this section we present and discuss results from the
resulting pseudocode is shown in Algorithm 3. At the end @fpplication of the three dimensioning algorithms desdfilve
the algorithm, the maximum bandwidth requirement for linkhe previous section to the GRNET network, whose premium
[ is given by B*(1). IP service is used for VoIP and other delay-sensitive traffic
The Gravity-based Traffic Matrix (GTM) algorithm yields an
Algorithm 3 Worst-Case Dimensioning Algorithm with Link accurate estimate of the bandwidth requirements for premiu

Failures (WC-LF) traffic, if the gravity model’s proportionality assumptiosed
while 31 € V* : | not processedo for estimating the traffic matrix is accurate. Hence, corguoar
for all v eV do of the GTM algorithm with the two worst-case dimensioning
if 31 € v : 1 not processethen algorithms (Algorithm 2 - WC, and Algorithm 3 - WC-LF)
mark [ as down will show when and by how much these two algorithms
mark [ as processed overestimate the required bandwidth for premium trafficteNo
end if that since the GRNET network does not contain loops with
end for common links, we apply Algorithm 3 for estimating the worst-
run WC' Algorithm 2 case premium IP bandwidth requirements in the case of link
forall [ € L do failures. Also, because loops do not share common linksethe
B*(l) = max{B(l), B*(I)} are two routes between routers belonging to loops.
end for The GRNET network is shown in Figure 2. The rectangular
mark all links as up nodes represent core routers with high speed interface®(up
end while 2.5 Gbps) that typically contain a large number of subscribe

networks, while the round nodes are routers with lower speed



TABLE Il
[ Thessaonii2| (7 [D
( toannina 13 ) a4 \ / GRNETROUTERS

— [ Router Name [ Router ID [ T, O (Mbps) |
loannina -2 (12) Athens-3 1 50.00
- llissos 2 50.00
[ 200 |-G 00) Acropolis | 3 50.00
Syros 5 20.00
i Herakleio-2 6 20.00
fatia o) Athens-3 (1) Athens (4) Herakleio 7 14.80
Patra-2 8 11.20
(Para @) Patra 9 10.20
Larissa-2 10 10.00
Larissa 11 7.20
=) Syros (5) loannina-2 12 10.00
loannina 13 7.30
Thessaloniki-2 14 20.00
Thessaloniki 15 17.00
a— 2.5 Gbj Xanthi 16 24.80
1 G;:; Sps ;ZOM':’?:S Herakleio -2 (6)‘ /Herakleio 7
TABLE IV
Fig. 2. The GRNET Network PREMIUM |P BANDWIDTH REQUIREMENTS

i Lnk D | GTM | (%) | WC | (%) | WC-LF | (%)
interfaces (up to 100 Mbps, except the Athens router that has 5 S0 125 Ea06 150610006416

a 1 Gbps interface). The access links of subscriber networks | 1.3 | 3508 | 1.40 | 50.00 | 2.00 | 100.00 | 4.00
are highly heterogenous, ranging from speeds of 1 Gbps 1-4 12.07 | 1.21 | 1254 | 1.25 | 1254 | 1.25
(University of Athens, connected to thacropolis router) 1-5 145841 183 5480 219 54.80 | 2.19

) ; 18 | 26.20| 1.05| 38.70 | 1.55 | 117.70 | 4.71
to 2 Mbps (Institute of Molecular Biology Crete - IMBC, 110 | 5235|209 7900| 310| 117.70 | 471
connected to thélerakleiorouter). The maximum percentage 2-3 7.46 | 0.30 | 50.00 | 2.00 | 50.00 | 2.00
of the access link’s capacity that can be used to carry pmamiu 5-6 | 3119} 1.25) 34.80| 1.39) 34.80 | 1.39

. . . 67 | 14.15| 14.2 | 14.80 | 148 | 14.80 | 148
traffic is shown in Table I; we assume that the percentage is 8.9 9.89 | 9.89 | 1020| 102 | 1020 | 102

the same in the ingress and egress direction. 8-12 | 16.27 | 0.65 | 79.10 | 3.16 | 96.30 | 3.85
Table Il shows the subscriber networks of routtarakleio 10-11 | 7.05 | 705} 7.20 | 720 7.20 | 7.20

. . . " 10-14 | 44.15| 1.77 | 79.10 | 3.16 | 100.50 | 4.02

and their corre;pondmg access link capacities. The agtgeg 1213 | 714 | 714 | 730 | 730! 730 | 7.30
amount of traffic that can be injected in the netwofk,and 12-14 | 8.03 | 0.80 | 38.70 | 3.87 | 79.00 | 7.90

14-15 | 36.58 | 36.6 | 41.80 | 41.8 | 41.80 | 41.8

. . .
ejected from the network), from the Herakleio router can 1516 | 2296 | 675 | 2480 | 729 | 2480 | 729

be calculated using (1) and Table Il. Hence,

I(Herakleig = O(Herakleig = Results from the application of the three dimensioning algo
0.2-34402-3440.2-4+0.2-2 = 14.8 Mbps. rithms appear in Table 1V, which s_hows the maximum amqunt

of bandwidth and the corresponding percentage of eactslink’
The values of the variables and O for the other routers in capacity required for premium traffic that is estimated by th
GRNET are shown in Table llI; for all routerg, is equal to three dimensioning algorithms. Because the percentageeof t
O since we have assumed that the percentage of the ac@ss®ess link capacity used for premium traffic is the same in
link that can be used for premium traffic is the same in thibe ingress and egress direction, the bandwidth requiresmen
ingress and egress direction. Table IIl also shows eaclersut are symmetric, hence the maximum premium IP bandwidth
ID that appears in the notation ‘linkk — b’, which represents for link ¢ — b is equal to that of linkb — a.

the link connecting routers with Il andb. As expected, the bandwidth requirements for premium IP
TABLE | traffic estimated by the Gravity-based Traffic Matrix (GTM)
ACCESSLINK PERCENTAGES FORPREMIUM IP TRAFFIC algorithm are smaller than the two worst-case dimensioning
Access Link Capacity | Percentage Reserved algorithms WC and WC-LF. Additionally, the bandwidth es-
1 Gbps 1% timates for the WC-LF algorithm are equal to or higher than
100 Mbps 10% the other two algorithms; this is expected since the WC-LF
< 34 Mbps 20% . . . .
algorithm considers alternate routes to bypass link fadur
TABLE Il whereas the other two algorithms assume that links do not
SUBSCRIBERNETWORKS AT NODE Herakleio fail and consider fixed routes.
Subscriber Network] Access Link Capacity (Mbps The percentage by which the two worst-case algorithms
UoC 34 overestimate, compared to the GTM algorithm, the premium
fgﬁ;’; ?;14 IP traffic bandwidth requirements is not the same for alldink
MBC 5 In particular, the overestimation for links that do not gjdo

a network loop is up to approximately 14% (for link — 15).



Additionally, for these links the estimate by the two worstassumption of the gravity model is accurate; other works
case dimensioning algorithms is the same; this occurs becabhave shown that it is quite accurate for telephony and best-
for links that do not belong to loops there are no alternagdfort traffic. The other two dimensioning algorithms esiim
routes. Finally, note that except for linkd — 15 and15— 16, the worst-case bandwidth requirements, hence can be more
the estimated percentage of premium IP traffic on all linksppropriate when premium services are first rolled out and
not belonging to a loop are under 15%, which is less thamable a provider to offer a higher level of assurances for
the maximum percentage of 25% premium traffic typicallpremium IP traffic compared to the GTM algorithm. Moreover,
suggested for supporting low loss and jitter [10]. On thesoththey allow admission control decisions to be based solely on
hand, for links14 — 15 and 15 — 16 the estimated bandwidth the availability of bandwidth at the access links. Which af th
for premium IP traffic is above 35% for all three dimensioningvo worst-case dimensioning algorithms should be used will
algorithms; this suggests that the capacity for these tmksli depend on the probability of link failures, since only the WC-
should be increased in order to effectively accommodate thE (Worst-Case with Link Failures) dimensioning algorithm
full demand for premium IP services. considers link failures, hence its bandwidth estimates can
For the links that belong to loops, the overestimation f@mupport guarantees in such cases. We compared the estimates
premium IP bandwidth by the two worst-case algorithms @f the three algorithms through their application to an aktu
higher. However, the overestimation is not the same for allide-area network, the Greek Research and Technology Net-
links. Hence, the overestimation of the WC algorithm for inkwork (GRNET). The comparison gives intuition of when the
1-10, 10— 14, and1—38 is lower (up to 80% for linkil0—14) worst-case algorithms overestimate the required premigm |
than for links8 — 12 and12 — 14 (up to 380% for link8 — 12).  bandwidth, and demonstrate how the algorithms can be used
This is attributed to the fact that routegsand 12 contain a to determine if the capacity in core network links needs to
small aggregate subscriber rate, and the premium IP battdwide increased, and for estimating the minimum bandwidth for
estimates of the GTM algorithm for links-12 and12—14 are  best-effort traffic with and without link failures.
small because these links are not contained in many routingThe worst-case dimensioning algorithms assumed that traf-
paths, as is the case of links— 10, 10 — 14, and1 — 8. The fic from a particular source router can be destined to any des-
latter observation also explains why the overestimatiorifid  tination router. It would be interesting to adapt the altoris
2 —3 (570%), which is contained only in the path from routein this paper to the case where the traffic from a source router
2 to 3, is larger than for linkd — 2 and2 — 3 (42%). Also, can be destined to a set of destination routers, rather thaih t
note that for these links the WC-LF algorithm overestimatasuters; such a model is appropriate for transit networks. A
the premium IP bandwidth compared to the WC algorithm byther area for further work is the application of the progbse
100%; this is to be expected since, unlike the WC algorithrdimensioning algorithms to more complex network topolegie
the WC-LF algorithm considers the case of link failures arglich as the European-wide GEANT network
there are two routes between routers belonging to a loop. It REFERENCES
is important to notg that for all the aboye Iink; the estirdate [1] S.Blake, D. Black, M. Carlson, E. Davies, Z. Wang, and \is¥, “An
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